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ABSTRACT 
Self assembly of polymer molecules offers a simple and efficient means of creating 
surfaces on the nanoscale. By utilizing polymer molecules with specific properties, the 
formation of supramolecular structures can be predicted. Here we investigate the ability of 
amphiphilic dendron-rod molecules with three hydrophilic polyethylene oxide (PEO) 
branches attached to a hydrophobic octa-p-phenylene rod stem to form organized micellar 
structures on a solid surface, as well as the surface organizational tendencies of carbosilane 
dendrimers with mesogenic terminal groups. The asymmetric shape of the dendron-rod 
molecules is a major factor in the formation of non-planar micellar structures in solution and 
in the bulk state (cylindrical and spherical). However, the question of their organization at 
the planar interfaces, which are unfavorable for such highly curved structures, remains open. 
We observed that the novel dendritic-rod amphiphilic molecules bearing hydrophobic 
terminal groups can assemble themselves in dense and thick monolayers with multiple intra-
layer transitions due to the hydrophobic terminal groups serving as anchors, preventing the 
PEO dendrons from completely submerging in the water subphase. We observed these 
molecules forming planar ribbon-like structures as well as two dimensional micellar 
structures under lateral compression at the air/water interface. We also observed these 
molecules undergoing crystallization into ribbon-like nanofiber structures. Prepared films of 
carbosilane dendrimers were also shown to exhibit nanoscale assembly into locally organized 
lamellar structures with ct-spacing of 5-7nm. We propose the strong intermolecular 
interactions between terminal mesogenic groups along with the hydrophilic silicon substrate 
causes these molecules to assume an oblate, pancake-like conformation on the surface with 
interdigitating terminal groups creating lamellae with alternating cores. 
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CHAPTER 1. INTRODUCTION 
1.1 General introduction and background 
The manipulation of materials at the nanoscale is very important to the design and 
production of nanodevices. At extremely small scales, the limits of conventional fabrication 
technology are imposed. To overcome these constraints, new technologies must be 
investigated to allow for molecular scale organization and fabrication. 1 The principle of self 
assembly of molecules is biomimetic, as it is based on the recognition and conformation 
abilities of proteins seen in biology. Self assembly is the tendency of molecules to organize 
themselves based on their structure, environment, or both. Using the many biological 
systems as an example, it can be seen that the possibilities for this technology are 
widespread. Figure 1 demonstrates a self assembled monolayer adsorption on a surface. Self 
assembly of molecules in nanotechnology has received attention due to a number of 
advantages. The miniaturization of systems is one such advantage, as the size is based on 
single molecules so nanoscale order is readily obtainable. 
JJ~ 
---· ·-----·~ jjjjjj 
Figure 1. Self assembly of molecules on a surface 
The synthetic versatility of self assembled systems is also important, as it allows chemists to 
manipulate structures to obtain desired effects, as well as to incorporate necessary functional 
elements or components for the final system.2 The formation of self assembled layers is 
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thermodynamically driven by a balance between enthalpy and entropy to create a stable 
system, and as a result self assembled films are resilient and self healing.3 The use of self 
assembled layers can also be readily combined with other fabrication techniques, including 
micromachining, photolithography, micro-contact printing, and others. 
Dendrimers and dendrimer-like molecules comprise a unique new type of material 
with a large, very ordered molecular structure that provides many new and interesting 
properties. The basic synthetic schemes for dendrimers are shown in Figure 2. Both 
convergent and divergent approaches can be used to create regularly branched 
macromolecules.4•5 "Divergent" growth builds the molecule outward from a central core, 
while "convergent" growth builds individual branches known as dendrons, then combines 
them with a core molecule to form a complete dendrimer. Each successive addition of 
branched molecules from the initial core constitutes a generation. As the number of 
generations increases, the molecules tend to become more globular due to steric crowding of 
external branches. In this case, the external surface of the dendrimer is crowded with end 
groups that can be controlled during synthesis. This allows for molecules with highly 
functionalized surfaces to be synthesized. Due to these unique properties, dendrimers have 
been examined for various uses. 
'Divergent growth 
• ... * c::i .,,,,.. 
1Two-step• 
synthesis 
CJ c:i ~ -,... --~ ~--
'Convergent' growth 
Figure 2. Dendrimer growth scheme. [www.ninger.com/dendrimer, March 2005] 
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One method used for characterization of dendrimers is degree of branching. Degree 
of branching is calculated with the simple equation: 
DB= D+T 
D+T+L 
Where Dis the number of dendritic branches, Tis the number of terminal branches, and Lis 
the number of linear branches. In an ideal dendritic structure, L will be zero and the degree 
of branching will be equal to unity. Non-ideal dendritic polymers called hyperbranched 
polymers have a mixture of linear and branched segments, and usually have a degree of 
branching of -0.5. Hyperbranched polymers are much easier to synthesize than regular 
dendrimers, but lack the low polydispersity, ideal structure, and precise control of end 
groups. 
Dendrimers are of particular interest in the field of nanotechnology due to their high 
degree of molecular order, high surface functionality, interior volume, and ability to form 
supramolecular structures.6•7•8 In a 2003 review, Frechet discussed many possible uses for 
dendrimers based on current and future technology.9 This included the use of dendrimers as 
catalytic unimolecular nanoreactors, photosynthesis mimicking light harvesting molecules, as 
well as therapeutic drug delivery mechanisms. The controlled attachment of dendrimers and 
dendrimer-like molecules to surfaces is advantageous in the design of nanoreactor based 
systems and sensors. The orientation assumed by dendrimers on surfaces and interfaces is 
also controlled by modifying the amphiphilic character of the molecule. By controlling the 
hydrophobic vs. hydrophilic portions of a molecule, how the molecule will align with its 
environment can be predicted. However, this effect is less predictable for newer, 
asymmetrical dendron structures. The use of amphiphilic dendrimers for fabrication of 
nanoarrays, sensors, and as nanomolecular building blocks shows the future of dendrimer 
technology. 
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The fabrication of nanoarrays using the incorporation of dendritic molecules with 
inorganic nanoparticles is an area that has seen recent development. Tokuhisa et al. recently 
described a new method of confining arrays of single molecules to a surface using dendrimer 
architecture as spacing templates. 10 This process requires the attachment of the target 
molecule to the dendrimer (Figure 3). The dendrimer is then allowed to self assemble into a 
monolayer. The dendrimer is then removed, leaving the target molecules distributed on the 
surface by lattice spacing dependent on the size of the dendrons. This process could ideally 
be used for the fabrication of molecular-based electronic devices. The drawback to this 
approach is that the target molecule must have a strong affinity to the surface. 
· Oendnmer Mo olaye 
'I • I ~ 
' ,. ' ... 
• • r • ·-
.... A t, • · • 
:.... . '· ' -. . 
. . 
Dendron 
ac 1 
( ... Single-Molecular Arra 
I no-Spac 
co le 
Figure 3. Nanoarray fabrication with dendrimers. [Tokuhisa et al., Adv. Mater. 2003] 
A similar approach was used by Lang et al. 11 in the fabrication of a high surface area 
platinum catalyst system. Their approach used PAMAM dendrimer-encapsulated platinum 
nanoparticles adsorbed on a high surf ace area silicon surface (Figure 4 ). The organic 
dendrimer was then removed via thermal activation. The low viscosity and steric effects of 
the large dendrimer molecules allows the maintenance of a high surface area system by 
preventing clustering. They propose that this idea could also be used for heterogeneous 
catalyst systems. 
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Figure 4. Dendrimer nanoarray for catalysis. [Lang et al., J. Am. Chem. Soc. 2003] 
Nanoparticle cored dendrimers were also used by Gopidas, et al. to produce 
nanoarray sensor materials. 12 This study utilized gold nanoparticles with attached Frechet 
type polyaryl ether dendritic disulfide wedges of generation 1-5 radially attached to the core. 
They showed that the nanoparticles covered with high generation dendron wedges still had 
significant non-passivated surface area, and proposed that these molecules could be useful 
for catalytic activity. 
The use of dendritic molecules as nanoscale building blocks has also been 
investigated. Hemandez-Lopez13 and co-workers used polyphenylene dendrimers in 
controlled assemblies (Figure 5). The inherent stiffness realized by the chemical structure 
causes these molecules to be very shape persistent with consistent dimensions. It was also 
shown that these molecules can be functionalized for specific applications. For example, 
dissymmetric molecules can be created by attaching different functional groups to opposite 
ends of the dendrimer. This technique could be used to create large rigid amphiphilic 
molecules. These molecules were also functionalized with carboxylic acid functional groups 
and successfully used in layer by layer deposition, as well as being incorporated with gold 
nanoparticles to create hybrid nanoscale building blocks. 
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Figure 5. Polyphenylene dendrimer assembly. [Hernandez-Lopez et al., Materials 
Science and Engineering C 2003] 
As well as studying complete dendrimers, individual dendron branches that have not 
been incorporated into dendrimers have also been studied. These molecules have been 
studied individually as monodendrons, in groups of several to form dendron wedges, and also 
incorporated with other molecules or dendrons to form dendron-rod, dendron-coil, dendron-
rod-coil, or dendron-dendron molecules. By incorporating dendritic structures with other 
types of molecules, many different types of molecules can be formed. This should allow for 
tailoring of molecules to meet particular applications. 
Gaining understanding of the factors of why dendrons on surfaces assemble the way 
they do was the goal of a study by Dong and co-workers. 14 They fabricated six structurally 
similar dendrons, altering the functional groups and symmetry and characterizing them with 
scanning tunneling microscopy (STM). The asymmetric dendrons showed random 
organization compared to the symmetric macromolecules which formed an ordered stripe 
pattern. They believe that the striped pattern is the result of n-n interactions in the benzene 
rings causing alignment. The presence of terminal heptane chains also appeared to increase 
phase formation, while the presence of ethylene oxide chains seemed to weaken the 
appearance of stripes, perhaps by weakening the interaction between symmetrical dendrons. 
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The idea of usmg dendrimers as templates for fabrication of nanoscale surface 
structures is an interesting idea that has shown some promise. The primary obstacle to 
fulfillment of this application is positional and orientational control of each molecule in the 
assembly. While this is a difficult task, understanding why molecules orient the way they do 
in a given environment is the first step to understanding how to control them. Many of the 
dendrimers currently being used have globular, symmetric architectures. As a result, they 
share most of the same properties in terms of how they attach to surfaces. By utilizing non-
traditional dendrimers with less symmetrical and more differentiated structure it may be 
possible to gain another degree of control over the manipulation of dendrimers at interfaces. 
Much of the current state of the art dendrimer research involves using dendrimers as sensor 
molecules. This is an ideal application for the current understanding of the unique properties 
of dendrimer molecules. 
The use of polyphenylene dendrimers was also examined by Schlupp et al. for 
selective sensor layers. 15 The rigid framework created by these molecules differentiates them 
from dendrimers with flexible branches by creating more consistent internal voids. The 
large, consistent inner voids provided good locations for aromatic volatile organic 
compounds to be readily trapped. By controlling the functionality of the dendrimer, the 
selectivity of which VOCs would become trapped was able to be somewhat controlled. 
Using a quartz microbalance, they were able to show sensitivity of 5 ppm. The sensors also 
showed reusability and stability of 12-24 months. 
Due to their architectural symmetry, most standard dendrimers assume a globular 
formation during self assembly at surfaces and interfaces. 16 This limits the effectiveness of 
using dendrimers as surface patterning mechanisms. To control surface assembly in 
dendrimers, we will look at two different routes. One route is changing the symmetry of the 
dendrimers, by combining them with different types of molecules and creating hybrid 
molecules such as dendron-rod or dendron-coil molecules. The asymmetry of the molecule 
breaks up the traditional dendrimer ordering and provides a mechanism for new molecular 
configurations to occur. 
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1.2 Asymmetric molecules at interfaces 
Hybrid molecules such as rod-coil molecules and dendritic-linear molecules 
composed of combined highly branched and linear blocks (dendron-rod, dendron-dendron, 
dendron-coil) are the subject of much study due to their unique material properties.6•7•8•17 
Rod-coil molecules are symmetric diblock copolymers containing a rigid rod-like segment 
attached to a flexible, coiling segment. 18•19·20 Rod-coil molecules can reorganize themselves 
from circular micelles into a regular rectangular lattice with changes in surface pressure.21 
Manipulation of the molecular structure of these hybrid molecules has been shown to form 
varying solution, bulk, surface, and interfacial structures.9•11 ·22•23•24•25 A variety of 
supramolecular structures including two-dimensional, zig-zag, ribbon-like, helical, and 
cylindrical has been observed for hybrid dendritic-rod and coil-rod molecules by different 
research groups.26•27·28•29•30 The overall chemical composition, branching structure, and 
volume fractions of different blocks have been shown to have an important effect on the 
resulting interfacial structures.31 •32 It has been proposed that by utilizing molecules with 
complementary and antagonistic structure-forming interactions, systems can be assembled to 
create order over many length scales. 33 These interactions can result from several sources, 
including hydrophobic and hydrophilic effects, hydrogen bonding, coulombic interactions, 
and van der Waals forces. 34 The self assembly effects of different constituents on molecular 
and bulk properties have been observed by utilizing molecules with asymmetric stericity, 
rigidity, and/or amphiphilic chemisty. 25-35 Even slight chemical or conformational changes 
such as replacing terminal groups can cause significant difference in the behavior of 
dendrimer-like molecules under given conditions.36 
Recently, the self organization of dendron-rod molecules in solution has been 
investigated. 37•38•39 Stupp et al. reported the synthesis and self assembly characteristics of 
molecules with rod-like, dendritic and coiled segments.37 It was predicted that the bulky 
dendron tail groups would complicate molecular assembly with the linear rod and coil 
sections. This was found not to be the case as the molecules were seen to assemble into 
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bimolecular ribbon-like structures with head-to-head packing. In these dendron-rod-coil 
molecules (DRCs), the terminal coil molecule complicated packing at the ribbon edges, 
limiting the packing to bimolecular structures. 39 It is believed that the molecular alignment is 
caused by hydrogen bonding and aromatic interactions 7t-7t stacking. 
By combining dendron molecules with rod-shaped molecular structures, dendron-rod 
and dendron-rod-dendron structures were reported by Lecommandoux and co-workers.40 
These molecules contain alkyl tail terminated dendrons attached to polyphenyl rods. These 
structures showed strong rod-rod interactions, with the rod portions tending to form layers 
while the dendron heads exhibited cubic packing (Figure 6). When the rod length was 
increased to 4 phenyl rings or greater, a smectic liquid crystal structure was observed. This 
structure was observed for all the nonsymmetrical molecules, indicating that the rod segment 
was dominant in controlling self assembly. A similar structure was seen for multilayers of 
the dendron-rod-dendron molecules, where the alkyl tails interdigitated between the layers of 
rods. They suggested a strong competition between rod-rod interactions to form a layered 
structure and packing of the flexible head groups to create a cubic phase. An asymmetric 
shape of the molecules was considered to be a major factor in the formation of non-planar 
micellar structures in solution and in the bulk state (cylindrical and spherical). However, 
dense packing of such highly curved, three-dimensional structures would be unfavorable at 
planar interfaces, and molecular organization under these conditions remains largely 
unaddressed. 
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Figure 6. Rod-dendron-rod assembly. [Lecommandoux et al., Poly. Sci. A 2003] 
The formation of large supramolecular structures by regular dendrimers has 
demonstrated that dendrimer molecules can assemble into structures larger than a few 
molecules. 41 •42.43 Regular, symmetric polyphenylene dendrimers assemble into micrometer 
long nanofibers due to the shape persistence of the structure and intermolecular n-n 
interactions. 44 The preponderance of rigid phenylene groups creates a well defined 3-D 
structure that is favorable to interdigitation of dendrimer branches and directional 
aggregation of dendrimers. The strong hydrophobic character of phenyl rings also promotes 
van der Waals interactions between dendrimers, providing a driving force for assembly of the 
molecules into supramolecular fibers.45 It has also recently been demonstrated that 
micrometer length, uniform, straight nanofibers can be assembled from amphiphilic 
hyperbranched molecules with irregular, flexible cores.46 
The self assembly of asymmetric branched molecules into large supramolecular 
structures such as fibers has not been predicted due to the usual dependence of these systems 
on precise positioning of functional groups. Lee et al. demonstrated that octa-p-phenylene 
rod-dendrons will assemble into capsule-like hollow micelles with a diameter of 46 nm under 
dilute solution conditions (Figure 7). Lee also showed that octa-p-phenylene rod dendrons 
will crystallize into a bulk structure in a primitive orthorhombic lattice. 
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Figure 7. Rod-dendron assembly into nanocapsule structure [Yoo et al.,J. Am. Chem. 
Soc. 2004] 
1.3 Liquid crystalline dendrimers 
Combining globular dendrimers with mesogenic terminal functional groups has also 
been investigated as a means of reducing switching time due to the low viscosity of the 
dendrimer groups.47 Addition of these groups creates DLCPs (dendritic liquid crystalline 
polymers). The presence of stiff mesogenic end groups attached to flexible dendrimer 
branches creates an antagonistic structure relationship preferential to self assembly. While 
most dendrimers rely on carbon-based architecture, dendrimers containing silicon in place of 
carbon atoms have also been synthesized. These molecules should be capable of all the 
applications of conventional dendrimers, with the advantage of higher temperature stability.48 
Carbosilane dendrimers with mesogenic groups have been shown to form smectic liquid 
crystalline structures.49 Ponomarenko, et al. has successfully shown the packing tendencies 
of a 5th generation carbosilane dendrimer with cyanobiphenyl mesogenic groups using 
AFM. 50 The attraction of the mesogenic groups to each other and their tendency for 
alignment tends to adjust the dendrimer conformation from the normal spherical shape into a 
more oblate character. This allows for better alignment of molecules into rows. 
The development of dendrimer technology continues at a rapid pace. Current 
research has shown the use of dendrimers in several different types of sensor applications, as 
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well as in the formation of nanoarrays, with both techniques incorporating dendrimers into a 
composite material with other nanoparticles. Most research in these areas is done using 
regular symmetric dendrimers or molecules. New asymmetric dendrimers provide a potential 
alternative to particular applications. These complex structures provide a wide range of 
possibilities for self assembly. 
1.4 Goals 
The goal of this project is to obtain a better understanding of the interfacial 
morphology and behavior of symmetric and asymmetric dendron structures on a truly 
nanoscopic scale. Octa-p-phenylene rod-dendrons and carbosilane liquid crystalline 
dendrimers were selected for this study. 
The effect of asymmetric molecular structure on self assembly as well as on 
amphiphilic orientation at the air/water interface will be examined for the octa-p-phenylene 
rod-dendron molecules. The influence of terminal mesogenic functional groups on self 
assembly of carbosilane dendrimer thin films will also be explored. AFM, ellipsometry, 
contact angle measurement, and other techniques will be employed to characterize thin 
molecular films, while SEM will be used for viewing large supramolecular structures, and X-
ray diffraction will be used to characterize crystal structures. Knowledge of how molecular 
orientation is manipulated by environmental conditions is important for nanofabrication 
applications; for example, this understanding is important for usage of these molecules in 
sensor design or for semiconductor fabrication. 
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1.5 Objectives 
1.5.1 Octa-p-phenylene asymmetric rod dendrons 
1. Study assembly at air/water interface using the Langmuir-Blodgett technique. 
Deposit thin film surface samples at characteristic surface pressures. 
2. Monitor surface layer thickness with ellipsometry and analyze surface morphology 
with atomic force microscope, contact angle measurement, and molecular modeling. 
3. Compare differences in assembly at the air/water interface between octa-p-phenylene 
rod-dendrons with hydrophobic methyl terminated branches to that of rod-dendrons 
with hydrophilic hydroxyl terminated branches. 
4. Study the crystallization kinetics of octa-p-phenylene rod-dendrons into fibers with 
optical microscopy. 
5. Characterize partially-ordered crystal structures of octa-p-phenylene fibers with X-ray 
diffraction. 
1.5.2 Carbosilane dendrimers with mesogenic terminal groups 
1. Fabricate single and multilayer films with carbosilane liquid crystalline dendrimers 
using spin casting to deposit layers on hydrophilic silicon and hydrophobic OTS 
coated silicon wafers. 
2. Monitor surface layer thickness with ellipsometry and characterize surface 
morphology using atomic force microscope. 
3. Compare assembly of third generation carbosilane dendrimers to assembly of fifth 
generation carbosilane dendrimers. 
4. Study the effect on assembly of butoxyphenylbenzoate terminated end groups versus 
cyanobiphenyl terminated end groups in fifth generation carbosilane dendrimers. 
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CHAPTER 2. MATERIALS AND METHODS 
2.1 Materials 
2.1.1 Asymmetric rod-dendrons 
Two different molecules will be analyzed in this project, including "molecular tree" 
dendrons and carbosilane dendrimers. 
Molecule 1 Molecule 2 
c~P -. 
.. 0 d~ ,\_ o. : 
\ :Q '-\ 
...... ,-:, ' 
, 0 
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Figure 8. Molecule 1 and molecule 2, "molecular tree" rod-dendron molecules 
Molecule 1 and molecule 2 are shown in Figure 8. Molecule 1 and 2 have similar 
architecture, as each combines a nonpolar head component of eight phenyl rings with three 
polar dendron tails, with the tails affixed to the 151 (one dendron) and 2nd (two dendrons) 
phenyl rings. Each dendron is 2nd generation PEO, resulting in four terminal groups per 
dendron and twelve total per molecule. In molecule 1, the tail chains are methyl terminated, 
while in molecule 2 they are hydroxyl terminated. Due to the differing characteristics 
between the head and tail groups, both molecules are amphiphilic molecules. The ether 
linkages in the branches cause the tail dendrons to be the hydrophilic region, while the chain 
of phenyl rings causes the head to be the hydrophobic region. As a result, when placed on 
water in dilute quantities, these molecules should align with the hydrophilic branches 
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spreading out on the water surf ace. The effect of changing the terminal functional group on 
the alkyl chains should cause different orientations at the air-water interface. The 
hydrophilic hydroxyl group that is terminal in molecule 2 should grant the PEO chains 
greater interaction with the water subphase, while the methyl terminated tails of molecule 2 
should have the opposite effect, decreasing solubility and pushing the molecule above the 
water surface. The presence of a long chain of phenyl rings also presents the possibility of n-
n interactions supporting molecular arrangement on a graphite surface. These molecules 
were synthesized by Lee, et al. at Y onsei University, Seoul, Korea. 
2.1.2 Silicon containing liquid crystalline dendrimers 
Molecule 3 
Figure 9. Molecule 3, third generation carbosilane dendrimer 
Molecule 3 is shown in Figure 9. This is a 3rd generation carbosilane dendrimer. The 
functional groups consist of C16 alkyl chains attached to one of two terminal groups (Figure 
10). 
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~-o-25% R-o-c \ j OH 
Figure 10. Molecule 3 terminal functional groups 
In molecule 3, 75% of the end groups (24 of 32) are butoxyphenylbenzoate, while the other 
25% are cyanobiphenyl terminated. These functional groups are mesogenic, so they will 
encourage liquid crystalline ordering of these molecules. 
Figure 11. Molecules 4 and 5 are fifth generation carbosilane dendrimers. 
[Ponomarenko, et al. Langmuir, 2000] 
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Molecules 4 and 5 share the same internal structure as molecule 3, but with the 
addition of two more cycles of branching to become generation 5 (Figure 11). As a result, 
the core structure of these dendrimers is the same, with the G3 molecule 3 having 32 terminal 
groups and the larger G5 molecules 4 & 5 having 128 end groups. In molecule 4, all 128 end 
groups are butoxyphenylbenzoate (but) terminated (Figure 12), while in molecule 5 all 128 
end groups are cyanobiphenyl (cb) terminated (Figure 13). Addition of these mesogenic end 
groups should allow for liquid crystalline organization and ordering. 
Figure 12. Molecule 4 butoxyphenylbenzoate mesogenic end group 
Figure 13. Molecule 5 cyanobiphenyl mesogenic end group 
The presence of silicon in the branching structure provides an atypical dendrimer component 
that could provide different and interesting interactions with the environment or substrate. 
These molecules were synthesized by Professor V. Shibaev at Moscow State University. 
2.2 Sample fabrication 
2.2.1 Glassware cleaning 
To minimize sample contamination and maximize reproducibility, utmost care was 
taken to ensure clean glassware and substrates. All glassware used in sample preparation 
was first cleaned with Neutrad soap and distilled water solution to remove dust or large scale 
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contaminants. The glassware was then well rinsed with distilled water and placed in a 
chromic acid solution for a minimum of 4 hours, then well rinsed with deionized water, 
sealed with clean aluminum foil, and oven dried. The chromic sulfuric acid solution was 
prepared by combining potassium dichromate and sulfuric acid in a 1: 10 solution. This 
solution removed any small organic contaminants from the glassware. This cleaning 
procedure was also done in a Class 100 clean room. Sample preparation was also performed 
in the clean room whenever possible to further minimize contamination. 
2.2.2 Substrate preparation 
Silicon substrates were prepared using silicon wafers of (100) orientation 
(Semiconductor Processing Co.). The original 4" wafers were cut into samples 
approximately 1.5 cm by 2 cm. These sample wafers were then placed in deionized water in 
an ultrasonic bath and sonicated for 10 minutes. This sonication worked to remove silicon 
dust or other large scale contaminants that could be present from the cutting of the wafers. 
To provide an atomically clean surface, the sample wafers were then treated in hot piranha 
solution (30% hydrogen Peroxide, 70% sulfuric acid) according to the standard procedure 
wkdescribed elsewhere.51 The wafers were left in the solution for approximately 1 hour after 
which they were removed and rinsed 5 times with deionized Nanopure water, then dried 
under a dry nitrogen stream. The sample wafers were then placed into clean glassware 
containers until use. An effort was made to minimize the time between fabrication and usage 
in order to maintain consistency and wafer integrity as well as to minimize contamination. 
This procedure resulted in hydrophilic clean silicon substrates with a surface layer of 0.9-1.2 
nm silicon oxide. The thickness of the surface layer of Si02 was checked using 
ellipsometry. 
Graphite substrates were prepared using highly oriented pyrolytic graphite (HOPG 1 
cm by 1 cm, monochromator grade, Digital Instruments, Inc.). Before use, the HOPG 
substrates were attached to conductive metal pucks using conductive silver epoxy. This was 
necessary in order to make a conductive sample for use with scanning tunneling microscopy 
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or scanning electron microscopy. The HOPG substrates were prepared for sample deposition 
by removing the top layer. This was done by attaching scotch tape to the HOPG surface and 
slowly peeling it off. This cleaved the topmost graphite plane and provided a clean, 
conductive, hydrophobic substrate with atomic flatness in micron scale regions. Sample 
preparation and testing were done immediately after cleaving to minimize contamination of 
the surface. 
2.2.3 Langmuir-Blodgett deposition 
The Langmuir technique is well known for studying amphiphilic molecules at the 
air/water interface. Amphiphilic molecules are molecules with separate hydrophobic 
(nonpolar) and hydrophilic (polar) sections. A molecule with good amphiphilic balance will 
orient itself on a water surface with its hydrophilic portions spreading out or extending into 
the water subphase while the hydrophobic portions will be repelled by the water surface and 
will extend away from the water surface. This preferred orientation allows the molecules to 
self-organize together into films, where they can be studied at the surface or transferred to 
solid substrates for study. With this technique, a solution with known concentration of the 
molecule to be studied is deposited on a water surface with a known area. Since the number 
of molecules and the surface area are known, the molecular area per molecule can be easily 
calculated. The surface tension (in N/m) is also measured with a highly sensitive scale. By 
compressing the surface area of the water subphase, the amphiphilic molecules can be 
pressed closer together while monitoring the surface pressure. This allows for the creation of 
n-A (pressure vs. area) isotherms. This procedure is demonstrated in Figure 14. 
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Figure 14. Langmuir Blodgett deposition schematic. (A) Sample deposition at low 
pressure. (B) Compression of surface leads to layer formation. (C) Drawing a 
substrate through the layer while maintaining compressive pressure transfers the 
surf ace layer to a solid substrate. 
In this research, molecular films of amphiphilic compounds were deposited using the 
Langmuir technique on a RK-1 trough at room temperature (Riegel & Kirstein, GmbH). The 
trough was located in a clean laminar flow hood. The amphiphilic compounds were 
dissolved in chloroform to millimolar concentrations and 50µL of this dilute solution was 
spread on the water (Nanopure, >18MQ cm) subphase. The solution was allowed to sit for 
30 minutes to allow the solvent to evaporate. A 7t-A isotherm was then obtained by slowly 
compressing the barriers at a constant rate while monitoring the surface pressure. 
Examination of the 7t-A isotherm allowed for the determination of phase transition points. 
After locating the surface pressures where phase transitions occur, molecular depositions 
were done at these pressures. The deposition of the molecular layer is done according to the 
standard procedure,52 in which the monolayer was compressed to the desired surface 
pressure, and then deposited on a freshly cleaned, submerged hydrophilic silicon surface that 
was pulled from the trough at a lift speed of 50 µmis . Samples were then placed in clean 
glassware and characterization was done as promptly as possible. Samples were stored in a 
desiccator to provide a constant low humidity environment. 
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2.2.4 Spin casting 
Thin films were also deposited on hydrophilic silicon, hydrophobic OTS, and 
graphite layers using a Headway Research variable speed spin caster. This technique allows 
for the formation of thin molecular films on a substrate. The molecule to be deposited was 
dissolved in toluene or chloroform solvent. The substrate was placed onto the spin caster 
using a vacuum chuck to hold it firmly in place (Figure 15). A set amount of solution was 
then placed on the substrate using a pipette. The spin caster was then spun at 5000 rpm for 
22 seconds. Each sample was then rinsed twice with clean solvent of the same type used to 
dissolve the sample material. Multiple depositions were also done by repeating this process 
in an attempt to create multi-layer films. 
Figure 15. Spin casting schematic. Polymer deposited on substrate, which is held in 
place by vacuum. Spinning the substrate at 5000 rpm creates a uniform layer of 
deposited molecules. 
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CHAPTER 3. EXPERIMENTAL TECHNIQUES 
3.1 Atomic force microscopy (AFM) 
A well documented technique for characterization of thin films and self assembled 
monolayers is atomic force microscopy (AFM). AFM provides the ability to perform 
topographical scans with up to 0.1 A precision on the z-axis. Both Dimension 3000 and 
Dimension Multimode AFMs were used for the characterization of samples. The basic 
principle of operation of both AFMs is the same. A sharpened probe tip attached to a 
reflective cantilever is dragged across a sample surface while a laser beam is focused on the 
cantilever. By measuring the deflection of the laser beam from the cantilever movement, the 
path of the probe across the surface can be monitored. By using a raster pattern to scan over 
the surface along an X and Y axis, a computer program can combine the data and form an 
image on the computer screen. A basic AFM schematic is shown in Figure 16. 
Laser 
Photodiode 
Surface 
Figure 16. AFM schematic 
In standard AFM Contact Mode scanning, the tip is dragged along the surface while 
the cantilever deflection is measured. This type of scanning can be destructive for soft 
materials, or layers that are not strongly adsorbed. For these types of layers, Tapping Mode 
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scanning 1s employed. In tapping mode, the resonant frequency of the cantilever is 
measured, and the tip and cantilever are oscillated near this frequency while the tip is being 
moved across the surface. The oscillation frequency that is selected for scanning is slightly 
below the resonant frequency peak. This allows for some frequency damping caused by the 
tip coming in contact with the surface. Compared to Contact Mode, Tapping Mode is a less 
destructive technique and was the primary technique used in these results. The topographical 
information obtained by AFM is monitored by a high precision piezoelectric that allows for 
very good resolution in the z range. Lateral resolution, however, is a function of tip quality 
and of tip radius. A poorly shaped, damaged, or contaminated AFM tip will provide false 
images and artifacts that can be mistaken for surface features. Tip shape can be examined by 
scanning a standard sample. The standard sample used for characterization and radius 
determination of tips used herein was dispersed spherical gold nanoparticles on a silicon 
substrate. By making two assumptions, the tip radius can be easily found by scanning gold 
nanoparticles. The first assumption is that the particles are spherical, so with an infinitely 
small tip the lateral dimension should be the same as the height of the particle. The second 
assumption is that the topographical data is accurate. This is also a reasonable assumption 
because AFM piezoelectrics have extremely high resolution in the z-range, on the order of 
0.05nm. Figure 17 illustrates how tip radius can be calculated from scanning gold 
nanoparticles. 
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Figure 17. Scanning a gold nanoparticle for AFM tip radius calculation 
24 
Once tip radius is known, this data can then be used for determination of actual 
feature size by subtracting tip dilation effects from the observed feature size. Many of the 
structures observed herein have "ribbon" morphology, as they are long and relatively flat 
structures. For this special case, an equation can be derived. Figure 18 shows the 
relationship between tip radius and actual feature size. 
Observed Size = d + 2L 
L: I I 1 h 
--L d 
Figure 18. Effect of tip dilation on observed lateral dimensions 
As shown in Figures 17 and 18, the observed size of small features can be falsely 
inflated by the AFM tip. As the AFM tip radius increases, so does the L dimension, resulting 
in greater and greater distortion of the actual surface. When the radius of the AFM tip is 
known, the dimension L can be easily determined from the Pythagorean Theorem as shown 
in Figure 18. 
R-hp? h~ 
L 
L = ~h(2R - h) 
Figure 19. Trigonometric determination of L for thin films 
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By finding L, the actual size of the surface object can be found using the combination 
of equations from Figures 18 and 19: 
d =W-2Jh(2R-h) 
Where Wis the observed width, R is tip radius, and h is the height of the feature. 
Along with topography information, Tapping Mode Scanning also allows for the 
creation of a phase image. The phase image is formed by the lag in oscillation caused by the 
AFM tip interacting with the surface. Phase imaging is affected by changes in surface 
adhesion, viscoelasticity, and friction. Feature edges and sample morphology can often 
appear more defined in phase imaging than in topography. 
The surface characterization of the molecular samples presented here was performed 
using Dimension 3000 and Multimode AFMs in tapping mode, using silicon cantilever tips 
with spring constant of 50 Nim, tip radius 15-30 nm and resonant frequencies of 250-400 
kHz. Scans were performed at high (512x512) resolution with scan rates from 0.4-1.4 Hz 
with scan sizes ranging from lOOxlOO nm to lOOxlOOµm. High resolution scans under lµm 
x lµm were performed with the Multimode AFM (Figure 20), while larger scans were 
performed with both the Multimode and the Dimension 3000 AFM (Figure 21). 
26 
Figure 20. Multimode AFM. (www.veeco.com, March 2005) 
Figure 21. Dimension 3000 AFM. (www.armicro.com, March 2005) 
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3.2 X-ray diffraction 
The X-ray diffractometer (XRD) is a versatile instrument. The XRD allows for 
analysis of several different facets of crystalline structures at the same time. The XRD can 
be used to determine the percentage of crystalline composition, lattice parameters, "d" 
spacing, and crystallite size of a substance. The X-ray diffractometer used herein was a 
Rigaku Miniflex. This XRD utilized a tungsten filament with a copper target which 
corresponded to ax-ray photon wavelength of 1.5418.A.. The angular range used was from 
1°-40°, and a slow scanning rate (0.03 ° /min) was used to allow for the highest quality data. 
This data was then analyzed with Bragg' s equation to determine the interplanar 
spacing. Bragg's law describes the relationship between the diffraction angle, the 
wavelength, and the distance between the planes with the following equation: 
Where: 
n= order of reflection, any integer 
A= wavelength of the x-ray (here, 1.5418 A) 
0= Incident angle of x-ray with surface 
dhk1= Interplanar spacing 
If the Miller indices of the sample peaks are known and the crystal structure of the 
sample are known, the lattice parameters of the sample can also be determined. For the 
polymers studied here, the expected crystal structure is orthorhombic. In an orthorhombic 
crystal, a=~ = y = 90°, but the dimensions are non-symmetric so a -::/= b -::/= c. The interplanar 
spacing can also be related to the Miller indices of each peak and the lattice parameters of an 
orthorhombic compound with the following equation: 
_1_ = _!_ h2 +-1-k2 +_I_z2 
d 2 2 b 2 2 hkl a c 
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Where: 
dhkt= Interplanar spacing corresponding to a particular peak 
a= The lattice parameter of the compound along the x-axis 
b= The lattice parameter of the compound along the y-axis 
c= The lattice parameter of the compound along the z-axis 
h,k,l= The Miller indices of a particular peak 
The x-ray diffraction patterns can also be used to determine the percent crystallinity 
of a sample. Polymers do not typically undergo complete crystallization, but rather form 
crystalline and amorphous regions. In the diffraction pattern, the amorphous peak is usually 
a very broad, low peak while the crystalline phases are represented with relatively sharp, high 
peaks. The crystallinity of the sample can be determined by analyzing the area under the 
peaks using the following equation: 
Where: 
a=Degree of Crystallinity 
Ac, = Total area of Crystalline Peaks 
A Am =Total area of Amorphous Peak 
The size of the crystalline regions can also be determined from the XRD output using 
the Debye-Sherrer Equation for crystallite size. This equation can be used to calculate the 
crystalline size for the different orientations of each peak. This equation is stated: 
Where: 
L = The particle size 
L= K). 
~ * cose 
K =The shape factor. Typically ranges from 0.8-1.0 
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0 = The angle of the peak 
A= The wavelength of the XRD. For the machine used it was 1.5418A. 
~ =The full width half maximum length of each peak in radians 
3.3 Ellipsometry 
Thickness of surface layers was measured by a COMPEL automatic ellipsometer 
(InOmTech) with a variable 70° incident angle. Ellipsometry provides a good nondestructive 
technique for measuring single or multiple thin film layers. The ellipsometer setup is shown 
in Figure 22. The ellipsometer works by bouncing a polarized light source off a sample 
surface, then analyzing the change in polarization state with oblique reflection. The 
quantities measured are the ellipsometric angles \}/ and ~. which are related to the complex 
ratio of the Fresnel reflection coefficients Rr and Rs for light polarized parallel (p) and 
perpendicular (s) to the plane of incidence as shown in the equation: 
R A p =_!:_=tan'¥''-' 
Rs 
The complex reflectance ratio p is completely determined by an amplitude (tan \}/) 
and a phase (~) and characterizes the differential changes in amplitude and phase. These 
changes are related to a transformation of a shape and orientation of the ellipse of 
1 . . . 1 53 po ar1zat10n, respective y. 
Polarizer 
Figure 22. Ellipsometer schematic 
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The initial values for \JI and t:,. were experimentally calculated by using various 
approximate values for surface film thickness and refractive index. The obtained \JI and t:,. 
values could then be used to calculate the actual film thickness. The refractive indices for the 
molecules analyzed were calculated using known indices of constituent molecules and 
averaging for their relative molecular weight. 
3.4 Contact angle measurement 
A fairly simple and reliable method that can provide valuable information on the 
topmost character of a polymer surface is contact angle measurement. In this technique the 
hydrophobic and hydrophilic characteristics of the surface were examined by placing a drop 
of deionized nanopure water on the sample surface and measuring the interaction angle 
between the droplet and the surface. Contact angle can be measured as a dynamic angle or a 
static angle. The dynamic angle is the result of the droplet having a moving front across the 
sample surface. Therefore the dynamic angle is dependent on the viscosity of the sample and 
the rate at which it is able to move on the surface. The static angle is the result of 
equilibrium being reached between the surface energy of the sample and the surface tension 
energy of the droplet resulting in a stationary droplet and a consistent drop-surface interface. 
All measurements and data shown herein are using static contact angle measurements. With 
a stationary droplet, the relationship of the surface tension of the liquid to the surface energy 
of the sample can be shown with Young' s equation: 
Where <>Lv, <>LS, <>sv are the interfacial tensions between the liquid (L), the surface 
(S), and vapor (V). The angle e represents the angle at the interface between the droplet and 
the surface. This is shown in Figure 23. 
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Figure 23. Contact angle 
To simplify the equation, actual calculation of the sample surface energy is neglected and the 
contact angle value itself is reported. With a low contact angle ( <30°), the water spreads out 
on the surface. This is known as surface wetting and it occurs if the surface has a 
considerable hydrophilic character. With a high contact angle (>90°), the droplet will bead 
up on the surface. This is indicative of a dominantly hydrophobic surface. The measurement 
of the contact angle was performed with a homemade setup as shown in Figure 24. 
Lamp 
Figure 24. Contact Angle Setup 
Water droplets of 2µ1 were placed on the sample surface using a pipette, and a digital 
image was captured by the microscope at lOx magnification. Tangent lines to the surface 
and to the surface/droplet interface were then drawn and the angle calculated. The method 
used is accurate to ± 1°. 
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3.5 Molecular Modeling 
Molecular models and geometric parameters were constructed usmg Cerius2 
computer modeling program with Dreiding 2.21 force field library on a SGI workstation. 
Molecular modeling was also done on a PC workstation with Materials Studio 3.0 software 
using the PCFF force field library. 
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CHAPTER 4. RESULTS AND DISCUSSION 
4.1 Molecule 1 and 2 rod-dendron air/water interfacial behavior 
4.1.1 Langmuir-Blodgett monolayer behavior 
The molecule 1 and molecule 2 molecules have similar architecture, as each 
combines a rigid, rod-like fragment composed of eight phenyl rings with three polar dendron 
branches attached to one end (see molecular models in Figure 8). The ether linkages in the 
branches cause the tail dendrons to be hydrophilic, while the chain of phenyl rings causes the 
head to be highly hydrophobic. As a result, when placed on water in dilute quantities, these 
molecules should align with the hydrophilic PEO branches spreading out on the water 
surface and into the water subphase as was demonstrated for a number of PEG-containing 
branched molecules. 54•55 
Both molecules studied here showed stable amphiphilic behavior at the air/water 
interface as can be seen from the 11:-A isotherms shown in Figure 25. The monolayer 
compression resulted in a steady and reversible increase in surface pressure followed by 
mono layer collapse at 60 mN/m for molecule 1 and 20 mN/m for molecule 2. By 
extrapolating the steepest slope of the isotherm prior to transition states back to a surface 
pressure of zero, the limiting cross-sectional molecular area in each particular phase can be 
determined.56 These surface areas are shown in Table 1 for both molecules. The much lower 
value for molecule 1 indicates denser molecular packing in the compressed monolayer state. 
The initial limiting cross-sectional area of molecule 1 ( 1.68 nm2) indicated the PEO chains 
partially submerged into the water subphase. This lower than expected cross-sectional area 
contradicted a face-on orientation of the rod core in favor of a tilted orientation. The 
observed shoulder at 1.44 nm2 and the plateau at 1.15 nm2 indicated the collapse of the initial 
monolayer due to the organized formation of a bilayer structure. The complete collapse of 
the monolayer of molecule 1 was observed for molecular areas below 0.5 nm2• 
Comparatively, molecule 2 the hydroxyl terminated molecule lacked the dense packing 
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structure of the first molecule suggested by the larger initial molecular area (2.84 nm2). A 
similar shoulder in the 7t-A isotherm near 1.25 nm2 was observed for molecule 2 although the 
molecule lacked the sharp phase transitions and appeared to collapse at relatively low surface 
pressures. Both molecules were deposited at multiple cross-sectional areas of interest to 
elucidate the nature of intra-monolayer reorganization (see arrows in Figure 25). 
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Figure 25. Langmuir-Blodgett isotherm for molecule 1 and molecule 2, with deposition 
points indicated. 
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Table 1. Molecular area for molecule 1 and molecule 2 
Limiting cross-sectional molecular area at points of interest (nmL) 
Stage Molecule 1 Molecule 2 
Initial A0 1.68 2.84 
After Shoulder 1.44 NA 
Collapse A1 1.15 1.25 
To understand the nature of intra-monolayer reorganization, LB monolayers were 
deposited at molecular areas of 1.60, 1.41, 1.21 , and 0.43 nm2 (corresponding to surface 
pressures of 10, 24, 36, and 52mN/m) (see arrows in Figure 25). For molecule 2, samples 
were taken at molecular areas of 1.41, 1.21, and 0.43nm2 (corresponding to surface pressures 
of 13, 14.5, and 21.5 mN/m). 
The effective thickness of monolayers deposited at cross-sectional areas above 1.0 
nm2 further suggested the rigid rod core packed loosely above the spread PEO chains (Figure 
26, Table 2). The measured thickness (1.1-1.5 nm for molecule 1, 1.2 nm for molecule 2) for 
the less dense monolayers supported the idea of the rigid cores supported by the spread PEO 
branches at the air-water interface. Both molecules followed the same general trend expected 
for PEG-containing branched molecules57 with lower thickness indicating greater segregation 
of the hydroxyl-terminated PEO chains in molecule 2. Reduction of the molecular area 
below the observed phase transitions (1.2 nm2 for both molecules) compelled a twofold 
increase in monolayer thickness (Table 2). Further compression of molecule 1 below 0.5 
nm2 per molecule compelled the largest increase in effective thickness attributable to the 
multilayer formation upon complete monolayer collapse. 
The surface composition of the deposited monolayers was revealed by comparison of 
the water contact angle with the effective thickness. The deposited monolayers for both 
molecules exhibited low to moderate hydrophobic character (contact angle in the range of 
35-62°), indicating a mixed surface composition (a contact angle of 80-120° is expected for 
surface composed of phenyl rings). Contact angle measurements revealed increasing 
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hydrophobicity for denser monolayers associated with greater exposure of hydrophobic 
fragments (Table 2). The contact angle measurements for molecule 2 indicated a more 
hydrophobic surface that can be associated with larger submerging of hydroxyl terminated 
PEO chains resulting in less exposure at the air-solid interface. As a result, the interactions 
of the hydrophilic groups are better shielded, resulting in an increase of the effective contact 
angle. 
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Figure 26. The effective thickness of molecule 1 and 2 monolayers as determined by 
ellipsometry 
Table 2. LB Monolayer Properties 
Dep. Dep. 
Roughness Layer Domain Contact 
Sample Pressure Area/Mo 
(nm2) RMS (nm) (nm) (nm) Angle (mN/m) 
Molecule 1 10 1.60 0.19 1.1 0.0 35° 
Molecule 1 24 1.41 0.12 1.5 0.0 39° 
Molecule 1 36 1.21 0.43 2.0 1.9 41° 
Molecule 1 52 0.43 0.75 5.0 2.1 47° 
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Table 2. (continued) 
Dep. Dep. 
Roughness Layer Domain Contact 
Sample Pressure Area/Mo 
(nm2) 
RMS (nm) (nm) (nm) Angle 
(mN/m) 
Molecule 2 13 1.41 0.19 1.22 0.0 53° 
Molecule 2 14.5 1.21 0.21 1.22 0.0 55° 
Molecule 2 21.5 0.43 0.58 2.62 1.8 62° 
4.1.2 Surface morphology of LB monolayers from molecule 1 
The segregated ordering of the molecular fragments in the monolayers was further 
elucidated by examining the monolayer structure at varying spatial dimensions. The rod-coil 
molecule with methyl terminated branches (molecule 1) formed uniform monolayers for thin 
films deposited at the lowest surface area per molecule (l.60 nm2) as shown in Figure 27. 
High resolution AFM exhibited a disordered, finger-like lamellae structure arranged in 
groups of two or more rows (Figure 27c). Cross-sectional analysis revealed the lamellae 
were 6-8 nm in width, with 3-5 nm spacing, and were approximately 30 nm long with 0.5 nm 
height observed against the surrounding monolayer. Similar surface morphology was 
observed for LB monolayers deposited at lower cross-sectional areas (l.41 nm2) with the 
lamellar structures observed being more pronounced. The slight reduction of molecular area 
resulted in a reduction of RMS roughness in addition to a small increase in effective 
thickness suggesting the monolayer experienced an increase in uniformity and thickness 
(Table 2). 
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Figure 27. Molecule 1 deposited at 1.60 nm2• a) SxS micron scan, topography left image 
and phase right image. Height z-range = Snm, phase z-range = 20 degrees. b) lxl 
micron AFM topography scan. Height z-range = Snm. c) 300x300 nm topography. 
Height z-range = 2nm. 
At greater surface pressure and lower molecular area of 1.21 nm2 (above a shoulder 
on surface-pressure isotherm, Fig. 25), significant changes of surface morphology 
accompanied by significant increases in thickness were observed (Table 2, Figure 26). At 
this molecular area, the formation of anizodiametric domains occurred. Long, thin domains 
were readily seen, with occasional cases of neighboring domains bunching together and 
forming a doubly wide structure. The long thin domains can be seen to be aligned in the 
horizontal direction which is perpendicular to the dipping direction indicating an important 
role of the vertical lifting in domain orientation and their high mobility. Occasionally, the 
domains terminated in a much wider, irregular structure as seen in Figure 28b. A number of 
secondary surface structures comprised of flat, irregular-shaped domains of several hundred 
nanometers across were observed for the state as well (Figure 29). These domains, with a 
thickness of 3 nm represent secondary, topmost layers which started forming at high lateral 
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compression of the underlying monolayer as an initial stage of the bilayer formation in the 
pre-collapsed state.56 
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Figure 28. AFM of molecule 1 deposited at 1.21 nm2• a) lOxlO micron scan, topography 
left z-range = lOnm and phase right z-range = 10 degrees. b) lxl micron scan, 
topography z-range = 5nm. c) 300x300 nm scan, topography z-range = 5nm. d) Line 
cross-section shows domain height of 1.3-1.5 nm and average thickness of 33nm. 
Cross sections of the AFM images revealed that the thin, ribbon-like domains are 
usually around 1.5 nm high. It can be seen from the cross section (Figure 28) that the domain 
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stands out sharply from the background. The measured apparent width of the thin domains 
ranges from 30 to 50 nm, without accounting for tip dilation. To account for tip dilation of a 
ribbon-like structure, the following equation can be used to calculate the actual width: 
w=W-2~h(2R-h) 
where: w=real width of domain, W=Width as measured on image, R =radius of a spherical 
tip apex, and h =height of domain. Using a nominal tip radius of 20 nm, the actual width 
range for these ribbon-like structures can be calculated to be within 15-35 nm. 
High resolution AFM of the flatter, larger, and thicker bilayer domains of up to 
several hundred nm across revealed the presence of very fine, ring shaped surface 
nanostructures randomly packed within the topmost surface (Figure 29). The ring diameter 
determined from the distance between their rims unaffected by the AFM tip dilation was very 
uniform for all rings observed. These ring structures were analyzed by multiple cross 
sections of multiple areas and found to have overall external diameters of 9-12 nm with an 
interior opening of smaller than 8 nm. 
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Figure 29. AFM of molecule 1 at molecular area 1.21 nm2• a) Topography scan size 
900x900nm, with height z-range = lOnm. b) Topography scan size 500 nm x 500 nm, 
with height z-range = 5nm. c) Phase scan size 500 nm x 500 nm, with z-range = 15°. d) 
Phase scan size 100 nm x 100 nm with z-range 8°. 
Finally, the AFM images for the LB monolayer deposited at the smallest surface area 
per molecule of 0.42 nm2 (after the long plateau region) indicated complete monolayer 
breakdown and multilayer formation in the course of the complete monolayer collapse 
(Figure 30). 
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Figure 30. AFM of molecule 1 deposited at 0.43 nm2• Left images are topography, right 
images are phase. a) SxS micron scan. Height z-range = Snm and phase z-range = 40 
degrees. b) lxl micron scan. Height z-range = Snm and phase z-range = 40 degrees. 
4.1.2 Surface morphology of LB monolayers from molecule 2 
The molecular structures formed at the water interface by molecule 1 indicate 
multiple types of packing. For comparison, the same comprehensive analysis was done with 
molecule 2. The structure of molecule 2 is identical to that of molecule 1 with the exception 
of the terminal end groups of the branches. Molecule 1 is methyl terminated while the 
molecule 2 dendron branches are terminated with hydroxyl groups. Both molecules feature 
polyethylene oxide branches and octa-p-phenylene rod portions. As a result, the amphiphilic 
structure of molecule 2 is very similar to that of molecule 1, which should predict similar 
conformation at the air-water interface. However, the presence of added polar groups with 
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the addition of the twelve terminal hydroxyl groups will make the branches even more 
hydrophilic. This raises the possibility of the branch chains readily submerging in the water 
phase, while the hydrophobic tail will float above the surface. Examination of the LB 
isotherm for molecule 2 (Figure 25) shows a behavior consistent with this analysis. As 
surface area was decreased, the gradual pressure increase indicates monolayer formation. At 
a pressure of about 15 mN/m and an area of about 1.44 nm2 per molecule, there is a shoulder 
in the isotherm. This is indicative of the monolayer rupturing under the pressure and a 
bilayer beginning to form. AFM analysis was done for samples obtained on silicon at 13, 
14.5, and 21.5 mN/m, as indicated in Figure 25 and Table 2. These AFM results help to 
show how the molecules are arranging at the air/water interface at various pressures. 
Monolayer formation for molecule 2 at low pressure is shown in Figure 31. Large 
scale AFM results show formation of large circular clusters. 
Figure 31. AFM of molecule 2 layers at 1.41 nm2/per molecule. 20x20 micron scan. a) 
Topography image shows domain formation. Topography z-range = Snm. b) Phase 
image with z-range = 5 degrees. 
These circular domains were found to be approximately l .2-l .5nm taller than the 
background, with a diameter range of 1.8-3 µm. With cross section analysis it can be seen 
that these domains do not stand out sharply from the background, but rather slope gently up 
to the peaks. The cross section of these domains is shown in Figure 32. 
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Figure 32. Topographical cross-section of circular domains seen in Figure 31. 
The sloped aspect of the domains combined with the LB isotherm information 
indicates that these features are not bilayer structures, but are a monolayer structure. The 
relatively large size of these domains also indicates a fairly large scale agglomeration of the 
molecules. Since the surface pressure sampled is close to the membrane breaking point, the 
molecules should be arranged in a more densely packed formation. Due to the 12 
hydrophilic terminal groups, the dendron branches should spread out on the surface to a 
greater extent than that seen in molecule 1. This is reinforced by the isotherm for molecule 1 
and 2 (Figure 25). Molecule 2 shows a rise in surface pressure at a much higher molecular 
area than molecule 1, which is reflected in molecule 2 having a much greater Ao value 2.84 
nm2 vs. 1.68 nm2. It is likely that at this pressure close to the breaking point, the hydrophilic 
head groups of molecule 2 are submerging in the water phase to allow for closer packing. In 
areas where the molecules are partially submerged, the denser packing will result in a thicker 
layer due to the molecules being compressed into a more vertical orientation. This also 
causes the nonpolar phenyl groups in the tail to be more predominantly expressed at the 
surface. Evidence of this is seen in the contact angle measurements in Table 2. The contact 
angle values for the molecule 2 layers are greater than that of molecule 1, although molecule 
2 has a much greater number of hydrophilic groups. This is caused by the hydrophobic tail 
sections of molecule 2 becoming more prominently featured on the surface of the molecule 2 
layers due to the submergence of the hydrophilic head groups. Although the submergence of 
molecule 2 head groups causes a greater separation between the hydrophobic and hydrophilic 
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portions of the molecule, it does not appear to cause any short range molecular ordering, as 
shown in Figure 33. 
Figure 33. Molecule 2 AFM. 600x600 nm. Left image topography, z range = Snm. 
Right image phase, z range = 5 degrees. 
Deposition of molecule 2 was also done at just past the shoulder seen in the isotherm 
(Figure 25). This deposition was done at a surface pressure of 14.5 mN/m, which 
corresponded to a molecular area of 1.21 nm2• This deposition was performed at a slightly 
smaller molecular area and slightly greater surface pressure so it is not surprising that the 
surface morphology of molecule 2 at this pressure (Figure 34) is not very different from that 
seen in Figure 33. In the 20 micron scan shown in Figure 34, circular domains can be seen, 
although they are much larger then the domains seen at lower pressure. This indicates that 
the packing tendencies which favored the formation of large circular micelles at low pressure 
have continued to higher pressure levels. 
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Figure 34. Molecule 2 at 14.SmN/m surface pressure and 1.21 nm2• Left image is 
topography with z scale = Snm. Right image is phase with z scale = 20 degrees. 
According to the LB isotherm in Figure 25, breakdown of the molecule 2 monolayer 
should have begun to occur at about 14 mN/m of surface pressure. This is not seen in the 
samples taken at 14.5mN/m, but is much more apparent in the higher pressure samples. The 
surface sample of molecule 2 taken at 21.5 mN/m is shown in Figure 35. This deposition 
was made well after the LB isotherm shoulder that implied layer breakdown. The large scale 
observational AFM in Figure 35 shows none of the circular domains seen at lower pressure, 
and shows no other signs of ordering. The bumps on the surface are irregular in shape as 
well as location, indicating random sections of layer collapse. 
Figure 3S. Molecule 2 AFM at 0.43 nm2• 20 µm x 20 µm scan size. Left image is 
topography, with z range = Snm. Right image is phase, with z range = S degrees. 
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At this high surface pressure, the sample does appear to have undergone a breakdown 
of the layer. The sample surface is rough and irregular, and ellipsometry showed a layer 
thickness of 2.62 nm, more than double the layer thickness at lower pressures. The surface 
roughness was also much higher. In Figure 36 the surface morphology can be seen close up. 
The random nature of the domains is more apparent at higher magnification. Cross sectional 
analysis of these domains showed that they are bilayer structures that stand out sharply from 
the background. 
Figure 36. Molecule 2 AFM at 0.43 nm2• 2 µm x 2 µm scan size. Left image is 
topography, with z range = Som. Right image is phase, with z range = 5 degrees. 
The formation of ribbon-like structure within the monolayer at lateral compressions 
close to collapse is consistent with expectations for conditions needed for this type of 
packing. We suggest that some monolayer areas on the verge of collapse undergo an initial 
rupture, followed by the formation of the bilayer surface domains. This releases the lateral 
compression and creates conditions for assembling of circular planar structures within the 
topmost bilayer layers. The topmost molecules within the bilayer domains are situated on a 
top of underlying mixed monolayer that is, apparently, more favorable for circular packing of 
these asymmetric molecules by preventing direct interactions. We believe that the presence 
of 12 hydrophobic terminal groups in hydrophilic PEO branches is a critical factor in the 
formation of these surface structures. The presence stabilizes the formation of organized 
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surface structures not allowing PEO chains to completely submerge in the water subphase 
during lateral compression as usually observed for non-capped PEO chains in branched 
molecules. 58·59 
In fact, replacement of these hydrophobic terminal groups with hydroxyl groups 
results in complete disappearance of the surface morphology observed for molecule 1. The 
comprehensive study of molecule 2 according to similar procedure revealed only uniform 
surface morphology without any signs of characteristic surface micellar structures. Unlike 
molecule 1, uniform surface morphology and irregular surface corrugations were observed 
for molecule 2 at all surface pressures. Obviously, for this molecule with additional 12 
hydroxyl terminal groups, the amphiphilic balance is shifted toward highly hydrophilic 
branched PEO that results in much less stable monolayer due to tendency of molecules to 
sink into the subphase at higher lateral compression without forming organized 2D 
structures. For all LB monolayers (molecule 1 and 2), the contact angle in the range of 35-
620 showed low to moderate hydrophobic character, indicating a mixed surface composition 
(a contact angle of 80-120° is expected for surface composed of phenyl rings). Contact angle 
measurement revealed increasing hydrophobicity for denser monolayers associated with 
greater exposure of hydrophobic fragments (Table 2). The contact angle measurements for 
molecule 2 indicated a more hydrophobic surface that can be associated with larger 
submerging of hydroxyl terminated PEO chains resulting in less exposure at the air/solid 
interface. As a result, the interactions of the hydrophilic groups are better shielded, resulting 
in an increase of the effective contact angle. 
4.1.3 Surface morphology of molecule 1 on graphite substrate 
Molecule 1 was also studied after deposition on hydrophobic HOPG substrate. 
Samples were prepared by adsorption as well as by spin casting. This was done to provide 
samples on a conductive substrate for STM, as well as to examine the surface behavior on a 
hydrophobic surface. Samples were then characterized with AFM. Adsorption was 
performed by placing a drop of the dissolved molecules onto the surface and allowing the 
49 
solvent to evaporate, leaving a layer of molecule 1. This adsorption technique resulted in 
relatively thicker layers with high roughness, which made large scale AFM scans very 
difficult. Tip-surface interactions caused a great deal of noise with light tapping AFM, so 
medium to hard tapping AFM was predominantly used. Small scale AFM was possible in 
areas where roughness was less. Small scale AFM is shown in Figure 37. In this image the 
molecules can be seen to form round structures, (visibly seen in the topography) and also 
ribbon like structures (visible in the topography but more so in the phase image) that appear 
to be aligning with graphite planes. The round structures seen in Figure 37 were observed 
via cross sectional analysis to have diameters from 55-70 nm, with heights ranging from 2-5 
nm. Accounting for tip dilation, the size of these structures corresponds to collapsed, hollow 
micelles with 46 nm diameter that were previously observed to form in solution. 
Figure 37. Molecule 1 adsorbed on HOPG, 1µmx1 µm. Left image topography with z 
scale = 5 nm, right image phase with z range = 30 degrees. 
The alignment of molecule 1 with the graphite lattice is better seen with the lower 
concentration samples obtained with spin casting as shown in Figures 38 and 39. Large scale 
AFM scans of spin cast molecule 1 on HOPG is shown in Figure 38. In the large scale scans 
in Figure 38a and 38b graphite cleavage plains can also be seen. This is illustrative of the 
cleaved HOPG property of maintaining atomic flatness over micron size areas. The large 
white objects at the top of Figure 38a and 38b are artifacts, probably loose graphite that was 
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not completely removed when the graphite was cleaved. In both Figure 38b and 38c the 
formation of aligned ribbons of molecule 1 can be clearly seen. 
Figure 38. Molecule 1 spin cast on HOPG. a) 20 µm x 20 µm scan, left image 
topography with z range= Snm, right image phase with z range= 10 degrees. b) 10 µm 
x 10 µm scan, left image topography with z range = 5 nm, right image phase with z 
range= 10 degrees. c) 5 µm x 5 µm scan, left image topography with z range= 5 nm, 
right image phase with z range = 10 degrees. 
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High resolution AFM at smaller scan size shows greater detail (Figure 39.) 
Figure 39. AFM of Molecule 1 on HOPG. a) 2 µm x 2 µm scan, right topography with z 
range= 2 nm, left phase image with z range = 10 degrees. b) 1 µm x 1 µm scan with 
right image topography with z range = 2 nm, left image is phase with z range = 10 
degrees. 
From Figure 39 the presence of aligned ribbon structures as well as circular structures can be 
seen. Cross sectional analysis of AFM scans showed that these structures are approximately 
1 nm high, with ribbon structures being approximately 30-60 nm across, and ring structures 
having a diameter of 20-60 nm. In the low concentration sample, precise measurement of 
lateral dimensions was impossible due to noise caused by surface interactions between the 
AFM tip and the graphite surface. However, the approximate dimensions correcting for tip 
size are similar to that seen for the ribbon and ring bilayer structures seen in molecule 1 at the 
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air/water interface, suggesting similar molecular ordering. The long ribbon structures seen 
in Figure 39 also show preferential ordering along graphite atomic planes, as they align at 
60° angles to each other. The 120° bond angles of graphite create symmetry in the substrate 
surface, and this appears to exert some control over the molecule 1 adsorption. Figure 40 
compares the molecule 1 alignment with the HOPG structure. 
Figure 40. Alignment of molecule 1 on graphite surface. a) AFM phase image of 
molecule 1, 2 µm x 2 µm scan, with z range = 10 degrees. b) Scanning tunneling 
microscopy (STM) image of graphite substrate. lOnm by lOnm scan, constant current 
mode, z scale = 200pA. c) Model of graphite lattice with 60° symmetry labeled. 
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4.1.4 Crystallization of molecule 1 with slow solvent evaporation 
As well as showing multiple interesting surface morphologies at the air/water 
interface Molecule 1 also exhibited interesting crystallization behavior. The formation of 
supramolecular structures by dendrimer molecules undergoing slow crystallization from 
concentrated solutions has been demonstrated for hyperbranched polymers and regular 
dendrimers.44.46 When a concentrated solution of molecule 1 in 1-octanol solvent was 
allowed to sit undisturbed at room temperature, the solvent slowly evaporated, while long 
thin fibers were observed to form. 1-0ctanol was chosen as solvent due to availability, 
ability to dissolve molecule 1, and low volatility to allow for slow evaporation to allow time 
for crystallization. Time lapse photographs taken with a digital camera mounted on an 
optical microscope are shown in Figure 41. 
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Figure 41. Time delay optical micrographs of molecule 1 fiber formation. Five minute 
time lapse between images. 60x optical magnification. 
From Figure 41, it is observed that fibers nucleate either as single strands that rapidly 
elongate or as round clusters with fibers growing out from the center. Nucleation is first 
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observed at the solvent/air interface (top left Figure 41), due to increased local concentration 
of molecule 1 caused by solvent evaporation. The high viscosity of the solvent (1-octanol) 
and large molecular weight of molecule 1 will also slow diffusion, allowing for greater local 
concentration gradients to provide the driving force for nucleation at the interface. The 
formation of clusters with radially distributed branches is a result of molecule 1 nucleating on 
the surface of an impurity or contaminant from the glass slide or solvent, and initiating fiber 
growth in multiple directions. Figure 46 shows high magnification optical images of a 
cluster with radially growing fibers as well as individual fibers . 
The fiber growth rate was plotted by measuring individual fibers and plotting the 
increase in length vs. time (Figure 42). 
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Figure 42. Molecule 1 fiber growth. Fibers 1,2,3 are unimpeded growth, Fiber 4 is 
growth from a cluster to the interface. 
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The crystallization kinetics of polymers with time can be described with the A vrami 
Equation. The A vrami Equation: 
Where: 
1- Ve =exp(- Kt n) 
Vm 
Ve= Crystalline volume fraction 
Vm =Maximum fractional crystallinity for polymer 
t =Time 
K = Growth Rate parameter and constants 
n= Avrami exponent, usually between 1 and 4 
For ease of plotting data, a natural log function can be performed twice on the A vrami 
Equation to give a linear plot. The kinetics data from the fiber growth shown in Figure 41 
was averaged to give the linear Avrami plot shown in Figure 43. The maximum crystallinity 
was assumed to be 70% as measured with X-ray diffraction (Table 3). From doing a line fit 
to the Avrami plot, The Avrami exponent n was found to be 0.9739 and K was found to be 
0.015569. Avrami exponents are ideally integers from one to four, but in practice the best fit 
is often from non integer values. An Avrami exponent of n=l indicates linear crystal growth, 
with n=2 for two dimensional growth, and n=3-4 for spherical crystallization.60 The R 
squared coefficient for the line fit was 0.997, indicating an almost perfect data fit. The 
experimentally determined value for the A vrami exponent is within expected crystallization 
parameters, indicating that the formation of the molecule 1 fibers is driven by linear 
crystallization kinetics. 
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Figure 43. A vrami plot of molecule 1 crystallization 
X-ray diffraction of the fibers was also performed to assess the crystalline nature. 
The diffraction pattern obtained for the molecule 1 fibers is shown in Figure 44. The pattern 
shows a classic polymer diffraction pattern, with sharp crystalline peaks and a large 
amorphous hump caused by noncrystalline regions . 
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Figure 44. Diffraction pattern for molecule 1 fibers 
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The peaks obtained were analyzed with a Lorentzian fit using JADE XRD analysis software. 
The data from the peak fit analysis is shown in Table 3. 
Table 3. Molecule 1 XRD peaks 
Peak Position Peak Intensity d-spacing Crystallite Size Peak Label 
degrees 20 CPS nm nm hkl 
1 1.86 96 4.74 24.02 001 
2 3.64 189 2.43 24.19 100 
3 4.76 608 1.85 27.53 010 
4 7.64 33 1.16 15.42 200 
5 8.47 16 1.04 11.19 210 
6 9.50 42 0.93 19.30 021 
7 10.95 20 0.81 11.66 300 
8 12.18 36 0.73 14.17 222 
9 16.87 136 0.53 14.79 333 
10 17.84 9 0.50 22.31 330 
11 18.25 21 0.49 5.18 331 
12 20.11 53 0.44 1.73 Amor 
13 20.22 25 0.44 10.58 143 
14 21.57 92 0.41 11.28 145 
The percent crystallinity was calculated by dividing the area under the amorphous peak (#12) 
by the total area under all the peaks, resulting in an experimentally determined crystallinity 
of 70%. Molecule 1 has been previously shown to undergo bulk crystallization into a 
primitive orthorhombic lattice. The indexing of peaks was done by comparison with the 
previously reported bulk diffraction data. The peaks and corresponding lattice parameters 
previously reported for the bulk structure match those seen here in fiber formation, indicating 
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the same molecular packing. The bulk packing was described by Lee, et al. as a herringbone 
arrangement of molecules, as shown in Figure 45.35 
Figure 45. Herringbone packing of molecule 1 
Optical microscopy using transmitted light also showed that the fibers appear to be 
translucent. This is illustrated in Figure 46. The fibers were also observed to occasionally 
exhibit a twisted morphology, which is also shown in Figure 46. 
40µm 
Figure 46. Molecule 1 optical microscopy, lSOx magnification of random fibers. 
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The fibers were also shown to fluoresce under UV light with excitation wavelength 
250 nm (Figure 47). The strong fluorescence observed indicates stacking of hydrophobic rod 
fragments and efficient energy transfer.46 This was expected due to the large portion of 
molecule 1 that is made up of phenyl rings. 
Figure 47. Molecule 1 fibers with UV fluorescence microscopy. Left image 60x 
magnification, right image 150x magnification. 
The molecule 1 fibers were also examined with scanning electron microscopy (SEM). 
Prior to scanning, samples were sputter coated with gold to create a thin conductive film over 
the nonconductive polymer sample. The use of SEM provides a greater depth of field than 
optical microscopy and the ability to view larger areas much faster then with AFM. The 
SEM images in Figure 48 show the molecule 1 fibers branching, merging, wrapping and 
passing through each other. Figure 48a shows the edge of the sample, where nucleation 
began at the edge of the adsorbed drop. Figure 48a, 48c, and 48d show molecule 1 fibers 
branching and assuming twisted conformations. In Figure 48e, the fiber can be seen to split 
off a branch, which later recombines with the primary fiber. In Figure 48f, a close up of a 
single fiber reveals the presence of many small parallel fibers combining to make one large 
fiber. 
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Figure 48. SEM images of molecule 1 Fibers 
The size of the structures formed by molecule 1 ranges from ribbons several microns 
in diameter that are easily seen with optical microscopy, to much smaller fibers that can be 
seen only with AFM. Scanning with AFM on the actual fibers themselves also provided 
some insight into the fiber structure. Several large fibers are seen in Figure 49a passing over 
and under each other. The largest fibers range in width from 1.7 to 5 µm, with heights from 
500 nm to 1 µm. In Figure 49b scanning was done on a large fiber. In this image, it can be 
seen that the large fibers are comprised of bundles of smaller fibers. 
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Figure 49. AFM of molecule 1 fibers. Left images topography, right images phase. a) 
30 µm x 30 µm scan, topography z range = 1 µm, phase z range = 50 degrees b) 1.5 
µm x 1.5 µm scan, topography z range = 80 nm, phase z range = 40 degrees. 
Closer inspection of molecule 1 fibers with high resolution AFM is shown in Figure 49. 
Step-like ridges are visible in both the topography and the phase images. This morphology 
provides insight into the growth of the molecule 1 fibers. From Figure 49, it can be seen that 
the fibers grow in a step like manner, adding layers and length with time. 
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Figure SO. AFM of molecule 1 fibers on top of fibers. Left images topography, right 
images phase. (a) 1µmx1 µm scan, topography z range= SO nm, phase z range= S0°. 
(b) SOO x SOO nm scan, topography z-range = 30 nm, phase z range= S0°. 
In samples made with higher concentration of molecule 1, inspection of the 
background area with AFM showed formation of much smaller fibers, as well as circular 
aggregates. Figure 51 shows randomly oriented nanofibers, interspersed with the circular 
domains. These nanofibers are 2.5-3.5 nm in height, 200-250 nm wide, and 500-800 nm 
long. 
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Figure 51. Molecule 1 AFM. Left images topography, left images phase. a) 10 µm x 10 
µm scan, topography z scale = 5 nm phase z scale = 10 degrees. b) 5 x 5 µm scan. 
Topography z scale= 5 nm, phase z scale= 5 degrees 
Statistical analysis of the nanostructures seen in Figure 51 showed that the objects 
were very uniform in height and width, with a larger variability in length (Table 4). 
Table 4. Nanofiber size distribution 
Height Width Length 
(nm) (nm) (nm) 
Average 3.1 228.3 695.2 
St. Dev. 0.4 27.0 150.2 
Similar sized objects were also observed on the larger fibers themselves (Figure 52). 
The height and width of these objects corresponds to the objects seen in Figure 51. In Figure 
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52a the cross section of a large fiber shows it to be composed of stacked flat sections, with 
clear step-like demarcations. The height of these steps ranges from 3-6 nm, indicating 
multiple layers per step. In Figure 52b smaller clusters are seen aligning on top of the 
existing fiber layer. This is indicative of clusters of molecule 1 attaching to the top surface of 
the fibers, causing vertical fiber growth. 
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Figure 52. AFM topography images with cross sections showing layered growth of 
molecule 1 fibers. a) 3 x 3 micron image with z scale= 100 nm. b) Digital zoom 1 x 1 
micron image of region indicated in a). z scale = 10 nm. Serrated edge appearance is 
artifact from digital zoom. 
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4.2 Carbosilane Dendrimer thin films 
Also studied were carbosilane dendrimers with mesogenic terminal groups. Three 
different dendrimers were investigated. Molecule 3 is a third generation dendrimer with 
mixed mesogenic end groups (Figure 9 and Figure 10). Molecule 4 and molecule 5 are both 
5th generation dendrimers with different terminal mesogenic groups (Figure 11). Molecule 4 
has 128 terminal butoxyphenylbenzoate (but) groups (Figure 12), while in molecule 5 all 128 
end groups are cyanobiphenyl (cb) terminated (Figure 13). Addition of these mesogenic end 
groups should allow for liquid crystalline organization and ordering. Samples were prepared 
by spin casting on prepared hydrophilic silicon substrates as well as on hydrophobic layers of 
OTS adsorbed on silicon. Samples were prepared with the samples dissolved in toluene 
deposited on the surface, then spin cast. The samples were then rinsed (with toluene) or left 
unrinsed. The number of deposition and rinse cycles used was 1 or 15. Multiple depositions 
were done in an attempt to create a multilayered structure. Further information and sample 
preparation for these molecules is contained in Chapter 2. The sample matrix with 
ellipsometry and AFM data is shown in Table 5. 
Table 5. Molecules 3, 4 and 5 test data 
Molecule# Substrate Thickness D spacing 
3 Si 2.5±0.2 6.2±0.4 
3-Unrinsed Si 3.8±0.1 5.2±0.5 
3-Multideposition Si 5.5±0.4 Not Observed 
3 OTS 0.4±0.1 Not Observed 
4 Si 2.2±0.2 5.7±0.4 
4-Unrinsed Si 3.5±0.1 5.4±0.1 
4-Multi-depostion Si 6.1±0.2 5.9±0.4 
4 OTS 0.3±0.2 Not Observed 
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Table 5. (Continued) 
Molecule# Substrate Thickness D spacing 
5 Si 1.7±0.5 Not Observed 
5-Unrinsed Si 3.0±0.1 Not Observed 
5-Multi-depostion Si 1.6±0.2 Not Observed 
5 OTS 0.2±0.1 Not Observed 
4.2.1 Lamellae formation in surf ace layers of molecule 3. 
Molecule 3 is the 3rd generation carbosilane dendrimer with mixed end groups. 
Samples were prepared by spin casting on silicon wafers. Surface organizational tendencies 
were then analyzed with AFM. Figure 53 shows a small scale AFM image from molecule 3 
spin cast and rinsed. The alignment of the molecules into rows of lamellae can be distinctly 
seen, particularly in the phase image. The lamellae can also be seen in the topography 
image, although less distinctively due to the small height difference between the individual 
lamellae. The lamellar spacing was measured by AFM to have an average value of 6.2 nm 
for this sample. For molecule 3, the formation of lamellar structure was visible on the single 
layer and unrinsed samples, but was not visible in the multilayer samples. 
Figure 53. AFM of molecule 3 spin cast film. 300x300 nm AFM scan. Topography left 
image with z-scale = 2 nm, phase right image with z-scale = 8 degrees 
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In the unrinsed sample, molecule 3 was shown to readily form lamellae in a pattern 
almost identical to that seen in the rinsed sample. The average lamellar spacing was slightly 
smaller in this case, but considering that the range of measurement values nearly coincide 
and the lateral resolution of AFM being less than the vertical, it is possible that this 
difference is not significant. The average effective layer thickness of the unrinsed sample as 
determined by ellipsometry was thicker than that of the rinsed sample, 3.8 nm vs. 2.5 nm. 
This was due to the formation of intermittent bilayer structures (Figure 54.) These structures 
sit on top of the previously seen lamellar layer, and also show lamellae themselves. The 
bilayer lamellae also appear to align with the lamellae of the background layer upon which 
they are laying. This shows that molecule 3 has some ability to form controlled structures 
vertically as well as laterally. 
Figure 54. AFM of molecule 3 unrinsed sample. Left images topography, right images 
phase. a) 600 nm x 600 nm, topography z range= Snm, phase z range= 10 degrees. 
b)300 nm x 300 nm, topography z scale= 2nm, phase z scale= 10 degrees. 
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Thin films of molecule 3 were also fabricated with multiple depositions of up to 15 
cycles. The lamellar structure readily seen in single depositions of molecule 3 is not apparent 
in the multiple deposition samples (Figure 55). The layer thickness as measured with 
ellipsometry was about double that of a single rinsed deposition, indicating a bilayer 
formation. In this sample, it appears that the molecules have abandoned the lamellae 
formation, and are instead in a random matrix. In the phase image of Figure 55, small ring 
structures can be seen. These ring structures could correspond to flattened out molecules. It 
is possible that for molecule 3 the liquid crystalline tendencies of the end groups causes 
strong intermolecular interactions, causing neighboring molecules to link together to form 
flat, pancake-like structures in a monolayer on the silicon surface, forming a distinct lamellar 
pattern in the process. The addition of further layers of molecule 3 on top of this monolayer 
would not have the same hydrophilic surface interaction to repel the terminal groups from the 
surface and toward the edges of the molecule. As a result, secondary and multiple layers of 
molecule 3 do not show the preferential alignment into lamellae, but instead allow for the 
molecules to organize into random monolayers. 
Figure 55. AFM of G3 multiple deposition sample. Scan size 287 nm x 287 nm. Left 
image topography with z range = 2 nm. Right image phase with z range = 5 degrees. 
The effect of surface hydrophobicity was also seen by spin casting molecule 3 on a silicon 
sample coated with an adsorbed OTS monolayer. The OTS monolayer created a 
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hydrophobic surface with low roughness where the surface interaction of the molecules being 
studied could be compared. Figure 56 shows the results of spin casting molecule 3 on a 
hydrophobic layer. Many small circular rings can be seen in the topography and phase 
images of Figure 56. These rings showed an average size of 10 nm ± 2nm which could 
correspond to individual molecules standing on top of the OTS layer or nestling themselves 
into the layer. 
Figure 56. AFM of molecule 3 adsorbed on OTS layer. Left images topography, right 
images phase. a) 500 nm x 500 nm scan size, topography z = 2nm, phase z = 5 degrees 
b) 150 nm x 150 nm scan size, topography z = 2nm, phase= 10 degrees. 
70 
4.2.2 Lamellae formation in surf ace layers of molecule 4 
Molecule 4 has similar structure to molecule 3, but is a 5th generation dendrimer, and 
features 100% butoxyphenylbenzoate terminated end groups. Molecule 4 showed lamellae 
formation similar to molecule 3 when spin cast on a hydrophilic silicon surface (Figure 57). 
Figure 57. AFM of molecule 4 (rinsed sample). Left images are topography and right 
images are phase. a) 1 x 1 scan with topography z-range = 5 nm, phase z-range = 
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lOdegrees. b) 600 nm x 600 nm scan with topography z-range = 5 nm, phase z-range = 
lOdegrees c) 300nm x 300 nm scan with topography z-range = 5 nm, phase z-range = 10 
degrees. 
Although molecule 4 is larger than molecule 3, the lamellar spacing seen for both 
molecules is very close at just under 6 nm. Unlike molecule 3, molecule 4 also showed 
lamellar spacing for multiple deposition samples. The lamellae formation of molecule 4 is 
clearly seen with high resolution AFM images in phase mode (Figure 58). 
Figure 58. Molecule 4 high resolution AFM zoom of lamellae. Both images in phase 
mode with z = 10°. a) 150 nm x 150 nm. b) 100 nm x 100 nm. 
Similar structure formation was seen in all of the samples fabricated with molecule 4. 
Figure 59 shows an unrinsed single spin cast layer of molecule 4. A secondary layer of 
molecules can also be seen to have aggregated on the surface, and the molecular ordering can 
be seen to be consistent from the base layer into the bilayer domain structure. The size of the 
bilayer structures was much larger in the unrinsed samples of molecule 4 than they were for 
the unrinsed samples of molecule 3. This could represent a greater affinity of the molecule 4 
layers for stacking additional layers on top while maintaining the intermolecular effects that 
allow for the formation of distinct lamellae. This is reinforced by the molecule 4 samples 
also exhibiting multilayer lamellae formation for samples with multiple depositions (Figure 
60). 
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Figure 59. Molecule 4 spin cast film (unrinsed). AFM scan size 300x300nm. Left image 
is topography with z-scale = 10 nm, right image is phase with z-scale = 15 degrees. 
Molecule 4 also showed lamellar structure in multiple deposition samples. Figure 60 
shows the same pattern seen in previous samples. The thickness of this layer (6.1 nm) vs. the 
thickness of the single deposition layer (2.2 nm) indicates that this is a multilayer sample. 
This shows that molecule 4 is able to translate its organizational tendencies vertically as well 
as horizontally, converse to what was shown by molecule 3. 
Figure 60. Molecule 4 AFM, multiple deposition sample, 300 nm x 300 nm scan. Left 
image topography z range = 2 nm, right image phase z range = 5 degrees. 
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4.2.3 Surface layers of molecule 5 
Molecule 5 was also used for sample fabrication and analysis. The structure 
formation seen with molecule 3 and 4 was not observed for molecule 5. In all sample films 
prepared with molecule 5, a smooth monolayer was observed, with no visible lamellae or 
other intermolecular structures. This could be due to the different mesogenic groups in 
molecule 5 not being as conducive to ordering in spin cast films. Interestingly, past studies 
of molecule 5 adsorbed on mica substrates did show lamellae formation very similar to that 
observed herein for molecules 3 and 4.50 
The hydrophilic silicon oxide should have different effects on the cyanobiphenyl 
terminal groups with their polar cyanide groups than on the nonpolar butoxyphenylbenzoate 
groups. This surface interaction could frustrate the liquid crystalline tendencies of the 
molecules and disrupt lamellar formation. 
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CHAPTER 5. GENERAL DISCUSSION AND CONCLUSIONS 
5.1 Models of molecular ordering in ribbon and circular structures of molecule 1 
We observed that in an amphiphilic dendritic-rod molecule with PEO dendron 
branches, hydrophobic terminal groups served as interfacial anchors to prevent the complete 
submergence in the water subphase and as a result the molecules formed dense and thick 
monolayers at the planar air/water interface with multiple intra-layer transitions. The dense 
molecular packing and higher compression resulted in the formation of a variety of 
supramolecular structures ranging from individual lamellae in a loosely packed monolayer to 
planar, multilayered ribbon-like structures within a densely packed monolayer, to circular, 
ring-like structures (2D circular aggregates) with a hydrophobic interior opening within 
bilayer domains formed on a verge of monolayer collapse. We suggest that the confinement 
of the compressed monolayers imposed by the planar interface combined with lateral 
pressure enforced the formation of the interdigitated layering instead of the highly-curved 
cylindrical or spherical micellar structures favorable for these molecules in solution. Partial 
submergence of the hydrophilic branches in the water subphase combined with this 
interdigitated layering of the rigid fragments provided an appropriate combination for dense 
intra-monolayer packing of these highly asymmetrical molecules at the planar interfaces. 
Furthermore, initial formation of the bilayer domain morphology under high lateral pressure 
(in the pre-collapsed state), provided conditions needed for the assembly of asymmetric 
molecules into circular surface structures which are a two-dimensional analogue of the 
spherical micelles expected and observed for the bulk state of dendritic-rod molecules with 
significant asymmetry of steric and hydrophobic/hydrophilic balances. 
Here, we consider possible molecular packing for surface structures observed in both 
the condensed state of the monolayer and the islands of the bilayers. First, it is clear that the 
relatively small thickness of about 1.5 nm for the monolayer and the mixed surface presence 
of hydrophobic and hydrophilic fragments effectively exclude the model of the molecular 
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packing with vertical orientation of rod-like fragments , even in a densely packed monolayer. 
Thus, a major element of any molecular packing should be a flat orientation of the molecules 
with hydrophilic branches preferably spread beneath the hydrophobic rod fragments (Figures 
61 & 62). Second, due to the large cross-sectional mismatch between the hydrophobic rods 
and hydrophilic branches, spherical or cylindrical aggregates should be preferably formed in 
the solution as was already revealed.61 The two-dimensional analog of these highly curved 
spherical micelles are circular structures which can fill out planar interfaces (Figure 63). 
Steric interactions should naturally place rod-like fragments in the micelle interior which will 
be stabilized by n-n and strong hydrophobic interactions, while the bulkier hydrophilic 
branches should make up the outer edge of the ring. Finally, considering significant steric 
mismatch, ribbon-like surface structure can be formed from these molecules only under 
condition of significant lateral compression. Under this compression, the bulkier hydrophilic 
branches can be displaced from the interface and submerge while rod-like fragments should 
undergo interdigitation to compensate for remaining cross-sectional mismatch (Figures 61 & 
62). 
Figure 61. Molecular models of molecule 1 monolayers showing interdigitating 
molecular alignment. Side view at water surface. 
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1 .. 6.8nm 
Figure 62. Molecular models of molecule 1 monolayers showing interdigitating molecular 
alignment, top view. 
11.5 nm 
Figure 63. Molecular model of molecule 1 ring structure. Ring diameter 11.5 nm. 
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The models of the possible molecular packing discussed above described fairly well 
two surface structures, ribbon-like and circular, observed for molecule 1 at high surface 
pressures. The lateral dimension of the circular micelle model proposed is evaluated to be 
about 11 nm which is very close to AFM data on lateral dimensions (Figure 63). The 
thickness of this molecular structure below 2 nm fits to experimental results on the second 
layer thickness as well. The planar layered structure suggested as an alternative packing 
model can be assigned to the thin, ribbon-like surface structures (Figures 61 & 62). The 
effective width of the interdigitated packing is about 7 nm, smaller than the observed width 
of the ribbon-like structures of 15-35 nm and indicates a multilayered internal structure with 
at least 2-5 correlated planar layers forming an individual ribbon (Figures 61 & 62). 
We also observed that the dendron-rod molecule referred to herein as molecule 1 also 
has the ability to crystallize into ribbon-like fibers, ranging in size from nanometers up to 
microns. This type of structure formation has not been predicted for this type of molecule 
due to the steric and amphiphilic asymmetry present in the molecule. X-ray diffraction 
showed that the structures were 70% crystalline and molecules were packing into a primitive 
orthorhombic lattice with a = 2.4 nm, b = 1.8 nm, and c = 4.7 nm. The bulk packing 
mechanism predicted for these molecules is interdigitating rod portions, with subsequently 
stacked alternating layers rotating the branch orientation in a herringbone fashion (Figure 
64). We believe the same molecular packing reported for the bulk crystallization of molecule 
1 is responsible for the crystallization of fibers when allowed to slowly crystallize from 
solution. 
78 
Figure 64. Molecule 1 fiber unit cell 
In this model, the interdigitating rod portions form the crystalline portion of the 
lattice, with the dendron branches forming amorphous regions. The crystal will then grow 
fastest in the directions normal to the interdigitating rods. We have observed that the fibers 
grow fastest in a lengthwise direction along an interface, and grow higher via stepwise 
addition of layers. Measuring a range of fiber widths and heights revealed that the 
width/height aspect ratio decreased as the fibers grew thicker, indicating that the fibers grew 
much faster vertically then horizontally (Figure 65). This growth mechanism is shown in 
Figure 62, with the lengthwise direction indicated. As the fiber growth continues, molecules 
also crystallize to the top and sides, with the top being slightly favored. 
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Molecule 1 Fiber Aspect Ratio vs. Height 
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Figure 65. Change in fiber aspect ratio with growth 
The lowest energy direction for addition of molecules will be normal to the rod 
portions and preferentially at an interface. The strong n-n interactions between the phenyl 
rings comprising the rod portion of molecule 1 will have a preferential molecular attachment 
to other rods. Strong fluorescence of the fibers on exposure to 250 nm UV light provides 
evidence of efficient energy transfer caused by phenyl stacking.46 As a result, the molecules 
preferentially crystallize at the surface of the solvent in a direction normal to the rod packing, 
resulting in the formation of long, flat ribbon-like fibers (Figure 66). Secondary growth will 
occur in the normal direction of the interdigitating rods that is not along the interface, causing 
the fibers to thicken vertically. Tertiary growth of the fibers in a lateral dimension occurs by 
end-to-end assembly of the dendron branches of molecule 1. The rate of growth in the 
secondary and tertiary directions is much lower than in the primary direction, enough so the 
crystallization is effectively described by a one dimensional model using the A vrami 
equation. Evidence that the crystallization is at the liquid/air interface and not at the 
liquid/solid interface was seen in the movement of clusters with fiber growth, which would 
not be seen if they were anchored to the substrate surface. 
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Figure 66. Model for molecule 1 fiber packing with primary growth direction indicated 
A wide range of fiber sizes were observed, with heights from 3-1000 nm, widths from 
200-4000 nm, and lengths from 400 nm to several microns. The smallest size fibers 
observed had a uniform height of 3.1 nm, with widths of approximately 200 nm and length of 
400-900 nm. These nanofibers were seen at both low and high concentrations, but were far 
more prevalent in high concentration samples. These smallest fibers represent nucleating 
fibers. The height of these molecules is indicative of a bilayer structure, while the width and 
length are indicative of much greater molecular organization. The regular size of these 
structures and their high degree of dispersion suggests that they also act as diffusion centers. 
5.2 Models of molecular ordering in lamellar structures of molecules 3 and 4 
Carbosilane dendrimers were also observed in thin surface films. The presence of 
mesogenic terminal groups along with molecule-surface interactions allowed for the liquid 
crystalline alignment of these molecules. This we have seen with the fabrication of surf ace 
layers with a tendency to assemble creating a lamellar spacing of 5-7 nm. The lamellar 
structure formed was most easily detectable in the phase mode of AFM. Phase is most 
affected by elasticity and adhesion of the sample, indicating that the lamellae were caused by 
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alternating cores and branches. The stiff terminal mesogemc groups and the flexible 
dendrimer core should appear quite different in phase mode AFM. That the ordering of the 
molecules is less visible in the topography AFM scans demonstrates that the height 
difference between rows is not significant, but the molecular content is. The sharp, regularly 
spaced contrast in these areas indicates that the molecules have become preferentially 
oriented with like groups. The low surface thickness of the layers indicates that the strong 
intermolecular interactions of the liquid crystalline terminal groups have caused the 
molecules to assume a flat, elliptical orientation. Molecular modeling shows the stacking 
tendency of the liquid crystalline groups causing individual molecules to assume a bowtie 
configuration and pack into a slightly staggered packing structure caused by the size offset 
between the dendrimer core and the terminal branches (Figure 67). The same structure is 
proposed for the third generation molecule 3 and the fifth generation molecule 4. 
Figure 67. Molecular model of staggered layered ordering of flattened molecule 4 fifth 
generation dendrimers (top view) and a side view of an individual molecule. 
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